This paper examines how major earthquakes affected the returns and volatility of aggregate stock market indices in thirty-five financial markets over the last twenty years. Results show that global financial markets are resilient to shocks caused by earthquakes even if these are domestic. Our analysis reveals that, in a few instances, some macroeconomic variables and earthquake characteristics (gross domestic product per capita, trade openness, bilateral trade flows, earthquake magnitude, a tsunami indicator, distance to the epicenter, and number of fatalities) mediate the impact of earthquakes on stock market returns, resulting in a zero net effect. However, the influence of these variables is market-specific, indicating no systematic pattern across global capital markets. Results also demonstrate that stock market volatility is unaffected by earthquakes, except for Japan.
Introduction
Over the past few decades the world has witnessed an increase in the reported frequency and damages caused by natural disasters, particularly hydro-meteorological disasters [1, 2, 3] . A growing literature has begun to analyze their economic and broader socio-political impacts. The majority of economic studies evaluate the short-and long-run impact of natural disasters on macroeconomic indicators, primarily gross domestic product (GDP) and its annual growth, typically using panel vector auto regressions or growth regressions [4, 5, 6, 7, 8, 9] . While the findings are sometimes inconclusive, the general consensus is that disasters do not always negatively impact GDP growth or long-term GDP but that when they do, the negative impacts are larger for developing countries. Fomby et al. [10] demonstrate that it is very important to account for disaster type. In their study, droughts have a negative impact on GDP growth, whereas moderate floods have a positive impact and earthquakes have no effect. Similarly, Raddatz [6] finds an insignificant effect of geological disasters (a category that includes earthquakes) on GDP per capita, while Skidmore and Toya [4] show that geological events depress long-run GDP growth.
In this paper, we use an alternative approach to estimate the aggregate economic impacts of natural disasters. We analyze whether earthquakes are capitalized into global stock markets. Unlike other natural disasters (e.g. droughts or even floods and storms), earthquakes have a very rapid onset that is arguably a surprise to stock markets. That is, their timing is exogenous.
In addition, earthquakes can be very destructive. For example, Cavallo et al. [11] estimate the direct cost of the earthquake that struck Haiti in January 2010 and killed about 2.4% of its population at US$8.1 billion (more than 100% of the value of Haitian GDP, and yet a figure that is considered to be a lower-bound estimate). The costliest natural disaster on record is the 2011 Tohoku-Oki Earthquake and Tsunami, whose direct damages are estimated at US$211 billion [12] . Earthquakes can also have a marked impact in countries other than the one where the epicenter is located, for example in neighbors or trading partners. Disruptions in the supply chains in the US car and consumer electronic industries, and dramatic energy policy changes in Germany following the 2011 Tohoku-Oki event in Japan suggest that considering the response of global capital markets to natural disasters, earthquakes in particular, in an increasingly connected world is potentially important.
The literature analyzing the impact of natural disasters on capital markets is scarce and consists mainly of case and event studies estimating the impact of "domestic" disasters on specific sectors such as insurance, construction, and real estate [13, 14, 15, 16, 17, 18] . A number of studies have analyzed "contagion" effects in international financial markets, for example following the Mexican peso collapse in 1994, the East-Asian crisis in [1997] [1998] , and the Russian crisis in 1998 [19, 20, 21] . Applied to natural disasters, we are aware of only one study, Lee et al. [22] , analyzing the contagion effect across international financial markets one to three months after the South-East Asia Tsunami on December 26, 2004 .
Different from earlier studies, our paper is not limited to domestic earthquakes; we analyze the impact of the largest 24 earthquakes that happened over the last two decades across the world on the returns to the aggregate stock market indices of 35 different financial markets (all the markets for which complete data were available). Further, we analyze the immediate, not the prolonged impact of those large earthquakes on stock markets. Provided stock markets are relatively efficient, the impact of earthquakes should be reflected in short-run stock price changes. These price changes signal market beliefs about expected changes in future profitability arising from the occurrence of the disaster. Hatase et al. [23] find evidence of increased exchange rate volatility in the period following three great earthquakes in Japan, a phenomenon that is also observed in other countries. They hypothesize that this excess volatility following major (domestic) earthquakes reflects the fact that a devastating earthquake increases uncertainty about the nation's future economic fundamentals.
In contrast, our focus in this paper is on aggregate stock market performance. We use aggregate market indices calculated from data on a representative sample of stocks covering a minimum of 75 to 80 percent of total market capitalization in each market. Provided that market indices are a fair representation of the future prospects of overall (rather than sector-specific) economic performance, our approach can then be considered complementary to macroeconomic studies focusing on the impacts of earthquakes on GDP or GDP growth. We note, however, that the comparison can only be approximate, since, by construction, market indices exclude non-publicly traded companies. These can represent a sizeable proportion of the total economic activity, especially in countries with large informal sectors.
In a recent paper, Scholtens and Voorhorst [24] report the cumulative average abnormal returns of 19 stock market indices following 101 domestic earthquakes. In contrast, we analyze the impacts of large earthquakes in all the stock markets for which data were available. Moreover, one key contribution of our paper is that we analyze the impact of large earthquakes on both the conditional mean and conditional variance of stock market returns. We estimate a GARCH-X(1,1) model for each of the 35 financial markets, to investigate the impact of earthquakes on abnormal returns and on stock market volatility. Another important contribution of our paper is that we explicitly address the heterogeneity of impacts of the "average" large earthquake in different financial markets and investigate the channels through which stock markets may capitalize earthquake shocks. That is, we take into account a number of factors that may mitigate or exacerbate earthquake impacts on returns. We classify these factors into two broad categories. The first category includes indicators of the proximity between financial markets and earthquake locations (trade linkages between the country experiencing the earthquake and the country/region where the financial market is located, and geographical distance between the epicenter of the earthquake and the financial market). The second category includes indicators of the potential vulnerability and exposure of the economy to shocks (GDP per capita and trade openness) in both earthquake and financial market countries/regions. We also control for earthquake characteristics (magnitude, death toll, and affected population) and for whether the earthquake resulted in a tsunami.
We find no systematic effect of earthquakes on the returns of aggregate stock market indices, which suggests that international financial markets are resilient to large earthquake shocks. On average, some macroeconomic variables (notably GDP and trade openness) and earthquake characteristics (magnitude, whether it resulted in a tsunami, distance to the epicenter, and fatalities) are found to mediate the impact of earthquakes on abnormal returns, but in the very few cases in which these variables are found to be statistically significant their influence is highly market-specific. Reminiscent of the finding of Hatase et al. [23] for exchange rates, our results indicate that earthquakes did increase the volatility of the stock market in Japan, but not of other markets.
Methodology
The event study methodology of Fama et al. [25] has been extensively used in the finance literature to measure stock price reactions to macroeconomic or company-related announcements as well as to any unexpected events such as terrorist attacks. There are two different commonly used methods in the literature to assess an event's impact on stock prices [26, 27] . The first method involves estimating the market model, in which company stock returns are regressed on the returns of a market portfolio, such as S&P 500, to measure the "normal" return before the event. These results are used to predict the company's expected returns on a given day as a function of the overall market performance on that day. The difference between these predicted (normal) returns and the realized, ex-post returns during the event window are referred to as "abnormal" returns and attributed to the event. One disadvantage of this method, however, is that abnormal returns cannot be distinguished in the case of multiple or overlapping events.
The second method involves modeling abnormal returns as regression coefficients. In this case, a dummy variable taking the value of one during the event period (and zero otherwise) is added to the market model. The coefficient of the dummy variable becomes a measure of the abnormal return. One advantage of this method is that abnormal returns can be modeled as a function of observable variables. Another advantage is that multiple events can be studied simultaneously either by creating separate dummy variables for each event, or by creating a single dummy variable that equals one during each event period. In the latter case, the coefficient on the single dummy variable represents the average abnormal return across all the event periods. These two characteristics make the regression-based event study methodology particularly suitable for our study. We thus follow this regression-based event study methodology and create a single dummy variable to represent all the 24 large earthquakes considered and measure financial markets' average abnormal return due to earthquake events. That is, using data on each of the 35 financial markets over time we estimate mean responses in stock markets to large earthquakes. While losing earthquake specificity by not introducing 24 event dummies, this method allows describing basic patterns of resilience of stock markets in a sensible and robust manner. In addition, from a policy standpoint, the relevant question is arguably not the identity of the earthquake but its nature, characterized by factors such as its location, magnitude, and damages, which, as described below, are controlled for in our model.
Daily financial asset returns have been shown to exhibit serial correlation and time-varying variance; both of which should be accounted for to obtain efficient parameter estimates [28, 29] . Engle [30] developed an autoregressive conditional heteroskedasticity (ARCH) model, in which the current conditional variance depends on past values of the squared random error term. The ARCH model was modified by Bollerslev [31, 32] to allow the current conditional variance to depend on the past conditional variances as well as the past squared random errors in a generalized autoregressive conditional heteroskedasticity (GARCH) model. Since then, various extensions of the GARCH model have been widely used in the literature and are found to be more appropriate in modeling stock returns [32, 33, 34, 35] .
Of particular interest to our application, GARCH-X models [36, 37] allow the conditional variance to depend on additional explanatory variables. We adopt a GARCH-X(1,1) model with a Student-t error term [38, 39] and allow both the conditional mean and conditional variance equations to be a function of the earthquake dummy variable. The dummy variable in the mean equation measures the abnormal returns due to earthquake events, which is the main objective of this paper, while the dummy variable in the variance equation measures the impact of the earthquakes on stock market volatility. As mentioned in the introduction, Hatase et al. [23] find that the volatility of exchange rates increases after major earthquakes, suggesting that earthquakes may increase the volatility of aggregate indices as well.
In addition to estimating abnormal market returns, we are particularly interested in shedding light on the potential factors that explain the resilience of financial markets to earthquake shocks. Thus, our model contains control variables representing transmission channels interacted with the earthquake dummy variable in the conditional mean equation of the GARCH system. Specifically, we estimate the following equation for each financial market:
for i = 1,. . .,35 financial markets; j = 1,. . .,24 earthquakes that happened in k j = 1,. . .,15 different countries; and t = 1,. . .,5,072, covering the period of 03/02/1994-08/08/2013. Eq (1a) is the conditional mean equation for daily returns. Eq (1b) is the error term that follows a Student-t distribution with mean zero, variance s 2 it , and degrees of freedom v. Eq (1c) is the conditional variance equation, where earthquake dummy variables enter the variance specification as multiplicative heteroskedasticity [40] . Because earthquakes are concentrated along the plate boundaries of the Earth, they are more frequent in certain regions. During the period considered, there were six countries that experienced more than one large earthquake. Thus, in terms of notation, we use j to refer to the earthquake itself, and k j to refer to the country where it happened. R it is the continuously compounded daily return on stock market price index P it on day t in financial market i, computed as R it = 100×(lnP it -lnP i,t-1 ). We also include five lags of the dependent variable in the conditional mean equation as regressors to account for serial correlation found in daily stock returns. The variable d jt is a dummy variable taking the value of one during the event window of earthquake j. The variable I k j ¼ i is an indicator variable taking the value of one if the j th earthquake happened where the financial market is located; that is, k j = i ("own earthquake"). Thus, the term d jt I k j ¼ i in (1a) accounts for the possibility of a domestic earthquake having a potentially larger impact on a given financial market. That is, the total average effect of "domestic" earthquakes is given by γ i +π i . If financial market i never experienced an earthquake during the sample period, then the variable d jt I k j ¼ i drops out of the equation. As our goal is to measure the immediate impact of earthquakes we choose a relatively short window of five days following the earthquake event. Specifically, this five-day event window includes the day of the earthquake and the following five days after the earthquake to capture any resolution of initial uncertainties about the significance of the earthquake. The event window is relatively short to avoid contaminating our estimates with confounding factors following the earthquake shock that may affect stock market returns. Because the earthquake epicenter and the financial market are not necessarily (and typically are not) in the same time zone, in computing the event dummies we checked whether a given earthquake had occurred during the trading hours of each of the 35 financial markets, and account for daylight savings changes during the sample period when necessary. The variable F i includes lagged macro controls (GDP per capita and trade openness) for the financial market i to capture potential vulnerability to earthquake shocks, while H k j includes the same variables for earthquake country k j . Income and institutional quality are widely thought to help prevent and mitigate the negative impacts of natural disasters and earthquakes in particular [41, 42, 43, 44] . On the other hand, if an earthquake happens in a developed country, we might expect to see a larger reaction in the global financial markets than if a poor country is affected, so it is important to control for the GDP per capita of both the earthquake country and of the country where the financial market is located. Trade openness reflects the degree of economic integration. If an earthquake strikes a country without ties to the rest of the world, we would expect it to have a small impact on global financial markets. Similarly, the impact of an earthquake in a financial market located in a relatively closed region, with few ties to the rest of the world is expected to be small, ceteris paribus. Unlike stock market returns which are measured daily, macro variables are annual. They are lagged by one year to avoid endogeneity problems (for example, an earthquake happening today might depress this year's output). Lagged macro variables also represent the most recent information available to traders.
G ik j denotes lagged exports between financial market i and the country k j in which earthquake j occurred to capture the strength of their economic bilateral ties. (We consider both the exports from the earthquake country to the financial market, and those from the financial market to the earthquake country). If earthquake j happened in financial market i (k j = i), then the export variables are set to zero. E j contains variables representing the characteristics of the earthquake, including its magnitude, death toll, affected population, an indicator of whether the earthquake resulted in a tsunami (such as the Tohoku-Oki Earthquake and Tsunami event in Japan). D ij includes the geodetic distance between the j th earthquake's epicenter and the physical location of the financial market i and the interaction between the distance and magnitude variables. Finally, the variable Y l includes indicator variables for years 1995 through 2013 (1994 being the base year) to account for effects that are common across financial markets such as the Asian financial crisis in 1997 and the global financial crisis in 2008.
Data
The list of major earthquakes comes from the Global Significant Earthquake Database at the National Geophysical Data Center (NGDC), a branch of the National Oceanic and Atmospheric Administration (NOAA) [45] . The NGDC database contains information on 5,833 destructive earthquakes from 2150 B.C. to the present that meet at least one of the following criteria: moderate damage (approximately US$1 million or more); 10 or more deaths; magnitude of 7.5 or greater; Modified Mercalli Intensity X or greater; the earthquake generated a tsunami. Our analysis includes the largest, most destructive earthquakes, operationalized as earthquakes that caused more than 1,000 fatalities and/or direct damages totaling more than 2.5% of the country's GDP. To put this number into perspective, the damages of the Great Hanshin-Awaji earthquake in Japan in 1995 and the Great East Japan Earthquake in 2011 amounted to 2.71% and 3.82% of Japan's GDP, respectively. Based on the financial market and macroeconomic data availability the sample covers 24 distinct earthquakes during the period 03/02/1994-08/08/2013. Table 1 lists the 24 earthquakes and their key characteristics (date, location, magnitude, death toll, population affected, and damages as a percentage of GDP). The earthquake-specific control variables in Table 1 are obtained from the NGDC database and complemented with data from the U.S. Geological Survey [46] for the "official" earthquake magnitude, and the coordinates of the epicenter. Death toll represents the total number of deaths from the earthquake and secondary effects (e.g. tsunami). Geodetic distances between financial markets and earthquakes are computed using the latitude and longitude of the earthquake's epicenter and those of the physical location of the stock markets. The number of people affected by the earthquake is computed as the population count in a 200 kilometer-radius buffer from the epicenter. We overlaid the buffer area polygons with raster population datasets for the year 1990 [47] , using the isectpolyrst (Intersect Polygons with Raster) tool in the Geospatial Modelling Environment Software [48] . This tool creates summaries for each polygon based on the values in a raster layer. For our purposes, we extracted the total population count. Damages (in current US$) are obtained from NOAA and divided by the previous year's GDP (in current US$) obtained from the World Bank's World Development Indicators (WDI) [49] . Total numbers of earthquakes by country are listed in Table 2 , in which asterisks indicate the earthquake countries that are also included as financial market countries in our sample. As seen in the table, China, Indonesia, and Iran each experienced three large earthquakes during the sample period, while El Salvador, Japan, and Russia each suffered two destructive earthquakes. Table 3 lists all the variables used in the analysis along with their descriptions, units of measurement, and data sources. Macro variables for both financial market and earthquake countries are obtained from the WDI [49] . Specifically, we include GDP per capita in constant 2005 dollars and trade openness, computed as the sum of exports and imports of goods and services and stated as a percent of GDP. Bilateral trade data are obtained from the World Bank's World Integrated Trade Solutions (WITS) [50] . This data set contains export values of reporting countries/regions in current US$ to their trading partners. Our interest is in the bilateral ties between the country experiencing the earthquake and the country/region where the financial market is located. We state each reporting country's export value from WITS as a percent of their total exports of goods and services obtained from WDI.
Financial market data comprise daily series of the broadest stock market price indices from Datastream Global Equity Indices available for 35 financial markets. These are aggregate market indices calculated from data on a representative sample of stocks covering a minimum of 75 to 80 percent of total market capitalization in each market. An advantage of using Datastream Indices as opposed to market specific indices (e.g. S&P 500, Nikkei 225) is that they are calculated using the same methods for all the countries/regions included in the analysis. The data for developed economies start in 1973 but the coverage for many other economies starts in the 1990s. We compute daily percentage changes in the stock market price indices to represent continuously compounded daily return. Table 4 presents descriptive statistics of the daily returns in the 35 financial markets. As seen in the table, except for Argentina, Greece, and Japan, mean daily returns are positive and close to zero. Based on the standard deviations of the returns, stock markets in Turkey and Venezuela are the most volatile and those in New Zealand and Chile the least volatile. Table 4 also shows average values of the market-specific control variables and the distance of the financial markets to earthquake epicenters. While the average real GDP per capita across all financial markets is $22,504, it is only $6,171 for earthquake countries (Table 5 ). Average trade openness measure is also higher for financial markets (87.55% of GDP) than it is for earthquake countries (51.30% of GDP). The exports to earthquake countries from financial markets are larger than the imports from earthquake countries, which are close to zero for several of the markets. Table 5 also reports that the average magnitude for the 24 earthquakes considered is 7.3. On average, 34,620 people died as a result of earthquakes, 10.5 million people were affected in a 200 km buffer zone, and 54% of the earthquakes resulted in a tsunami.
Results
Tables 6-9 present the results from the estimation of the GARCH-X(1,1) system of eqs (1a)-(1c) for daily returns. Note that for Venezuela, the GARCH-X(1,1) model failed to achieve convergence; instead a standard GARCH(1,1) model without the earthquake dummies in the conditional variance equation is fit. The top part of Tables 6-9 show the results of the estimation of the conditional mean eq (1a), while the bottom part of the table shows results of the estimation of the conditional variance eq (1c). In the tables, each of the columns refers to one of the 35 financial markets. The first row shows that the marginal effect of one additional earthquake on aggregate stock market returns is not statistically different from zero across all the financial markets except for Malaysia, where the impact on returns is slightly positive (estimated at 0.36 percentage points). This result is broadly consistent with the macroeconomic studies that find an insignificant effect of geological disasters on GDP per capita and its growth [6, 10] . The own earthquake dummy (d it ) is not statistically significant for any of the financial markets that experienced an earthquake during the sample period. The earthquake dummy (d jt ) is also statistically insignificant across financial markets except for China, where the magnitude is large (12.2 percentage points). However, even in this case, the marginal effect of earthquakes on stock market returns, once the interaction with other explanatory variables in eq (1a) is taken into account, is statistically indistinguishable from zero (except, as indicated above, for Malaysia where it is very small).
The estimates for the interactions with macro variables are mostly insignificant (this is the case for 24 out of the 35 financial markets), and differ by financial market, but a few regularities emerge regarding those coefficients that are statistically significant. We hypothesized that, everything else being equal, earthquakes that happen in more developed economies would have a more negative impact on stock returns than earthquakes affecting less developed countries. As expected, this is the case for the markets in Canada and the US. We also hypothesized that financial markets in richer countries would be more resilient to earthquakes as income is widely thought to reduce vulnerability to natural disasters. Consistent with this expectation, GDP i has a positive sign for the US financial market. It, however, exhibits a negative sign for the financial markets in Chile and China. Bilateral trade flows and openness indicators are mostly insignificant and when they are not, the signs are country-specific. These likely reflect different sectorial composition of trade flows. While for some countries/regions a disruption in supply and/or demand chains caused by earthquakes has negative impacts, for others it may present an opportunity for domestic firms. Similarly, while increased trade openness mitigates the negative impact of earthquakes in the stock markets of Malaysia, it increases the vulnerability in South Korea and Turkey.
Regarding the earthquake characteristics, larger earthquakes in terms of magnitude have a negative impact on returns in the markets of Thailand and Malaysia. In the latter, also as expected, this effect decays with the distance to the epicenter of the earthquake. Another earthquake indicator, the number of deaths, dampens financial returns in Portugal and the US. The tsunami indicator has the expected sign for Greece, but exhibits a positive sign in the Chinese, Malaysian, and Thai markets.
The results indicate that accounting for autocorrelation is important, as illustrated by the statistical significance of multiple lagged returns. In all the financial markets, except for Denmark and Norway, there is at least one lagged return that is statistically significant (typically this is the first one, but significance is observed up to the 5 th lag). As expected, the coefficient for the year 2008 dummy variable representing the recent global financial crisis is found to be negative for 33 markets; for 13 markets the estimates are statistically significant at conventional confidence levels. For the Asian financial crisis, represented with the 1997 year dummy, the results are more mixed. While two countries (Chile and Thailand) have negative and significant coefficients, four countries (China, Denmark, Mexico, and Poland) have positive estimates.
The results for the variance equation at the bottom of the table indicate that a GARCH structure for the variance of the error term is appropriate. Both the ARCH and GARCH terms are statistically significant at the 1% level in all the financial markets. Earthquake dummy coefficients in the conditional variance equation are statistically significant for 15 of the 34 financial All equations include year dummy variables from 1995 to 2013, with 1994 as base year. Marginal effects of earthquakes are computed at the mean values of control variables except for dummy variables. Own country earthquake dummy and tsunami dummy variables are set to one. The symbols *, **, and *** indicate statistical significance at the 10%, 5%, and 1% level, respectively.
doi:10.1371/journal.pone.0133319.t006 
Conclusions
We analyze the impacts of extreme earthquakes on the conditional mean and variance of daily returns of 35 aggregate stock market indices over the last twenty years. Overall, the results suggest that financial markets are resilient to earthquake shocks. This is the case for each of the 35 markets considered over a five-day event window following the earthquake shock. The marginal effect of an additional earthquake on financial returns (as measured by aggregate market indices) is zero for the vast majority: 34 out of the 35 financial markets considered. For Malaysia, the marginal effect is slightly positive (0.36 percentage points). This result is robust to accounting for earthquakes happening where the financial market is located. For Japan, we find evidence that domestic earthquakes increased the volatility of its financial returns. Overall, our results are consistent with studies that have shown that geological disasters have no lasting impacts on the GDP or GDP growth of the countries affected. We note, however, that the aggregate stock market indices capture the performance of the part of the economy represented by publicly traded companies and, as such, our results cannot be directly compared with those assessing overall macroeconomic performance following natural disaster shocks. Moreover, our results are contingent on the characteristics of the historical earthquakes included in the sample. The reaction of the stock markets might be different for a substantially larger earthquake (as unlikely as this may be since we are already considering devastating earthquakes).
Of course, large earthquakes can and do cause immense hardship to individuals and businesses. All the 24 events included in the analysis are "extreme" in terms of casualties (an average of 35,000) or of the immediate economic damages (over 2.5% of GDP). But there are often gainers as well as losers, and our results suggest that the net effect for aggregate financial markets is zero. This result is reminiscent of the finding by Cutler et al. [51] that noneconomic newsworthy events (entries in the "Chronology of Important World Events" from the World Almanac for 1941-1987) had a surprisingly small effect on aggregated stock market returns. A disaggregated analysis of stock market indices for specific sectors such as construction and insurance might, however, tell a different story. Our results are robust to controlling for the heterogeneity of impacts of the "average" large earthquake. We control for key characteristics of the earthquake (such as its magnitude, fatalities, and population affected) and of the economies included in the analysis (those home of a financial market and those affected by large earthquakes, including the trade linkages between the two). Few of these controls, notably GDP per capita and trade openness among the macro variables; and fatalities, magnitude, distance to the epicenter and whether it resulted in a tsunami among the earthquake characteristics, are found to mediate the impact of earthquakes on abnormal returns, and their influence is market-specific. In any case, the estimated marginal effect of an additional earthquake on financial returns is never negative, and earthquakes increase stock market volatility only in Japan. 
